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The YSZ–NiO ceramics for SOFC anodes and MAX-phases of Ti-Al-C systems for interconnects 
have been investigated. Based on the tests of YSZ–NiO specimens preconditioned by one-time 
reduction or by redox cycling at 600 or 800 °C, a certain mode of the material treatment was 
established which provides its improved physicomechanical properties. The oxidation behaviour of 
MAX-phases has been investigated at 600 °C in air. It was found that the intense initial oxidation of 
hot-pressed Ti3AlC2-based material can be eliminated by a certain mode of pre-oxidation. The 
oxidation resistance of the material can be significantly improved by niobium addition. 
________________________________________________________________________________ 
Introduction 
A number of publications predict a dual 
influence of operating temperature on resulting 
physical and mechanical properties of the Ni-
containing anode material for solid oxide fuel 
cells (SOFCs) after cyclic reduction–oxidation 
(redox) treatment [1–3]. It is well known that 
the electrical conductivity of metallic Ni (of 
about 1.4·107 S/m) is much higher than that of 
YSZ–Ni cermet. According to our data, after 
exposition of the ceramics sintered of NiO 
powder, for 4 h or more in pure hydrogen at 
600 °C, complete reduction can be achieved [4]. 
The resulting electrical conductivity of the 
material is about (1–5)·106 S/m. However, 
exposition of NiO ceramics at this regime in the 
Ar–5 vol% Н2 mixture that can be used for 
gradual reduction of SOFC anodes causes 
partial reduction of the NiO particles forming 
thin edgings of metallic Ni (of thickness of 0.1–
0.3 μm) around them. Thus, the electrical 
conductivity of the material treated is in the 
range of (1–5)·105 S/m depending on average 
particle size, porosity and resulting contacts 
between Ni edgings. During redox treatment of 
NiO ceramics, structural transformation of 
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boundaries of contacting nickel phase particles 
occurs, causing an increase in strength. 
In our previous works, it was revealed 
for ScCeSZ–NiO anode ceramics that at 
selected redox treatment regimes when the 
material is heated in vacuum and intermediate 
degassing between reduction and oxidation 
stages is performed, substantial improvements 
in strength (up to 112 %) and electrical 
conductivity can be reached at the treatment 
temperature of 600 °C [5, 6]. 
Recently, a new classes of materials based on 
layered carbide Ti3AlC2 have attracted a great 
attention of material scientists due to their 
exceptional properties. This carbide belongs to 
so called MAX-phases which have a chemical 
formula: Mn+1AXn – where M is an early 
transition metal, A is an A-group element, and 
X is carbon and/or nitrogen. These materials 
have good thermal and electrical conductivity, 
low density, high strength and Young’s 
modulus, excellent thermal shock resistance, 
high chemical resistance, relatively low thermal 
expansion coefficient and good machinability 
[7-9]. Owing to such combination of properties 
they have been suggested for various 
application, especially as high-temperature 
structural materials. This requires 
comprehensive investigations of oxidation 
resistance of Ti3AlC2 based materials.  
In spite of thorough research of oxidation 
behavior of Ti3AlC2 based materials at high 
temperature [10-13], only a few results obtained 
at intermediate temperatures have been reported 
[14, 15]. Take into account the anomalously 
intense oxidation of Ti3AlC2 based material at 
500 °C and specially at 600 °C [14] the 
investigation of oxidation behavior of these 
materials at intermediate temperatures have a 
great importance. 
The aims of this work are to study the 
physical and mechanical behaviour of the SOFC 
anode and interconnect material and to find out 
the microstructural changes causing resulting 
properties of the material. 
 
Experimental part 
Materials 
Anode ceramics of the YSZ–NiO system 
sintered at Forschungszentrum Jülich 
(Germany) of zirconium oxide powder 
stabilized with 8 mol% Y2O3, with the addition 
of 50 wt% NiO, has been investigated.  
The interconnect materials used in this 
work were initially sintered in vacuum from 
mixture of TiC, TiH2 and Al powders and then 
hot pressed at 1350 °C under pressure of 
30 MPa for 1 h. The phase composition of 
sintered material consisted of 95 wt. % Ti3AlC2 
and 5 wt. % TiC. Fig. 1a shows the back-
scattered electron image of polished surface of 
this material. The equi-axed grains of Ti3AlC2, 
fine particles of TiC and big pores were 
observed. The porosity of the material 
determined by the hydrostatic-weighing method 
was 22%. After hot pressing refinement of the 
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structure and reducing of the porosity to 1 % 
have been occurred (Fig. 1b). The amount of 
Ti3AlC2 was decreased to 92 wt. % and TiC 
increased to 6 wt. %. Additionally, in this 
material we revealed the 2 wt. % Al2O3. The 
material doped with 3.5 wt. % Nb fabricated by 
the same process as previous material consisted 
of 56 wt. % (Ti, Nb)3AlC2, 41 wt. % TiC and 
3 wt. % Al2O3. The structure of this material 
includes equi-axed grains of Ti3AlC2 and TiC 
and uniformly distributed fine particles of Al2O3 
and small pores (Fig. 1c). 
 
 
Figure 1. Back-scattered electron images of the polished 
surfaces: (a) Ti3AlC2 based material with 22 % porosity; 
(b) Ti3AlC2 based material with 1 % porosity and (c) Nb 
dopped Ti3AlC2 based material with 1 % porosity. 
 
Methods 
A series of YSZ–NiO ceramic specimens 
of the size of 1×5×25 mm were singly reduced 
at 600 or 800 °C in a hydrogenous environment 
(the Ar–5 vol% Н2 mixture or hydrogen of 
99.99 vol% H2 purity) under the pressure of 
0.15 MPa (Fig. 2a) or subjected to redox cycling 
(see Table 1) [16]. 
 
 
Figure 2. The treatment schemes applied for YSZ–NiO 
ceramics. a Single reduction in a hydrogenous 
environment. b A cycle of redox treatment. 
 
The redox treatment of ceramics was 
performed for five cycles according to the 
scheme [4]: heating in vacuum from 20 to 
600 °C, reduction in a hydrogenous 
environment at 600 or 800 °C under the 
pressure of 0.15 MPa, degassing, oxidation in 
air at 600 °C and cooling down to 20 °С in air 
(Fig. 2b). Reduction/oxidation stage duration 
was chosen, taking into account the literature 
data on complete or partial reduction of the 
material [17]. After the redox cycling, reduction 
of materials in a hydrogenous environment for 4 
h at 600 °C or for 1 h at 800 °C under the 
pressure of 0.15 MPa with cooling in argon was 
performed (see the scheme in Fig. 2a) [16]. The 
heating/cooling rate was 20 °C/min. 
 
Table 1. The treatment regimes for the materials tested 
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No. of 
version Environment 
Treatment 
temperature 
(°C) 
Reduction/
oxidation 
stage 
duration 
(h) 
Variant 
of 
treatment 
1 Ar–H2 mixture 600 4 R 
2 H2 600 4 R 
3 Ar–H2 mixture 
/ air 600 4 RO 
4 H2 / air 600 4 RO 
5 Ar–H2 mixture 800 1 R 
6 Ar–H2 mixture 
/ air 800 1 RO 
R single reduction, RO redox cycling 
 
The isothermal oxidation tests of 
interconnect materials were carried out at the 
temperature of 600 °C in static air using 
rectangular bars with dimensions of 
20×5×3 mm. The specimens were cut by the 
electrical discharge method, abraded to 1000 
grit with SiC paper and polished by diamond 
past. The oxidation tests were divided into five 
stages which had the duration: first stage – 15 h, 
second stage –245 h and the last three stages – 
250 h. The each stage consisted of heating to 
600 °C in air, exposition for determinated time 
and cooling to room temperature. The weight of 
the specimens was measured before the test and 
after the each stage by analytical balance. The 
accuracy of the weight measuring was ±10-4 g. 
The oxidation resistance of materials tested was 
characterized by weight gain per unit surface 
area ΔW/S. 
Ultimate fracture stresses of materials in 
the initial state (σf0) and after the corresponding 
treatment (σf ) were determined during the three-
point bending test of the specimens in air at 
20°C. Based on these data, the relative strength 
(σf / σf0) of the material treated was evaluated. 
The specific electrical conductivity of 
the material (σ) was determined in air at 20°C 
using the Van der Pauw method. SEM 
microstructures, microfractographs and 
quantitative elemental content of the specimens 
were investigated using the electron microscope 
Carl Zeiss EVO-40XVP coupled with energy 
dispersive spectroscopy (EDS) INCA ENERGY 
350. 
The X-ray analysis was carried out 
using DRON-4.0 diffractometer (Fe K) with 
Bragg-Brentano-type geometry. The total range 
of angles was from 20 to 120 degrees. The step 
was 0.05 degree and total test duration was 8 
hours. 
The average size of coherent dispersion 
areas of nickel phase (D) was calculated using 
the Win CSD program [18]. The spacing 
between the planes in the atomic lattice (d) of 
zirconia phase (line 220) was estimated using 
the Rietveld method [18], and the residual 
stresses (r) were evaluated using the equation 
r   
0
0
d - dE
d    (1) 
where E is Young’s modulus and ν is Poisson’s 
ratio; the values of these parameters were 
selected according to [19]; d0 is the spacing 
between the planes in the atomic lattice of 
zirconia phase (line 220) for the as-received 
material. Thermodynamics of reactions of 
nickel phase reduction and oxidation was 
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analysed by calculating the changes in Gibb’s 
free energy (ΔG) using standard data [20]. 
 
Results and discussion 
Thermodynamics of the Reduction and 
Oxidation Stages 
It is known [21] that in the temperature 
range 630–680 °C, a transition from diffusion to 
kinetic mechanism of oxidation occurs. 
Additionally, by analysing the thermodynamics 
of reduction and oxidation stages, it was 
revealed that in the temperature range 600–
800°C, the change in Gibb’s free energy (ΔG) is 
more negative and the equilibrium constant (К) 
is considerably higher for the reaction of nickel 
oxidation compared to its reduction (see 
Table 2). 
Table 2. The data of thermodynamics of reduction and 
oxidation stages for the material tested 
Reaction 
Gibb’s free 
energy 
(ΔG , 
kJ/mol) at 
600°C 
Equilibrium 
constant 
(K) at 
600°C 
Gibb’s free 
energy 
(ΔG , 
kJ/mol) at 
800°C 
Equilibrium 
constant 
(K) at 
800°C 
Reduction -41 2.7·102 -43 1.3·102 
Oxidation -159 3·109 -145 1·107 
 
According to this, we concluded that 
during redox cycling at higher temperature, the 
Ni oxidation stage becomes more faster than the 
NiO reduction one. Thus, the probability of 
retaining unreduced particles is high, if the 
reduction period was too short. In such a case, 
the resulting structure does not meet the 
requirements on uniformity and, finally, 
efficiency of an anode substrate. 
The Treatment Temperature of 600°C 
Exposition of YSZ–NiO ceramics at the 
temperature 600°C for 4 h in the Ar–5 vol% H2 
mixture that can be used for gradual reduction 
of SOFC anodes (version 1 in Table 1) causes 
partial reduction of the NiO particles by a 
diffusion mechanism. Thin Ni edgings (of 
thickness of 0.1–0.3 μm) are formed around 
NiO particles (Fig. 3а).  
 
Figure 3. SEM microstructures (a, c, e, g – BSD images) 
and microfractographs (b, d, f, h – SE images) for the 
material in versions 1 (a, b), 2 (c, d), 3 (e, f) and 4 (g, h) 
(see Table 1). 
 
The substructure of these edgings was 
evaluated using X-ray data on average size of 
coherent dispersion areas of nickel phase (D) 
(Fig. 4(а)). This parameter was measured as 45 
nm. Reduction in strength to 84% of the value 
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for the asreceived YSZ–NiO ceramics (Fig. 
4(c)) is possibly caused by partial structural 
transformation of nickel phase followed by a 
little volume decrease. It is displayed in the 
mixed fracture micromechanism (Fig. 3b). 
Although, no noticeable change of zirconia 
skeleton was found for this variant of the 
treatment. 
 
 
Figure 4. Average size of coherent dispersion area (D) 
(a), residual stresses (σr), in zirconia phase (b), relative 
strength (σf / σf0) (c) and specific electrical conductivity 
(σ) (d) for the material in versions 1–6 (see Table 1). The 
numbers on the bars indicate the values of corresponding 
parameters. 
 
As compared to the as-received material, 
residual stresses did not change as well (Fig. 
4(b)). The electrical conductivity of the material 
of 2.7·105 S/m is provided by thin films of Ni 
around NiO particles united into the network 
(Fig. 4(d)). More intensive reduction of YSZ–
NiO ceramics by the same diffusion mechanism 
occurs in pure hydrogen (version 2 in Table 1). 
During 4 h, the structure of completely reduced 
Ni particles is formed (Fig. 3c). The 
substructure parameter (average size D) of these 
particles was measured as 41 nm that is less 
than for version 1 (Fig. 4(а)). Simultaneously, 
the volume decrease of initial NiO particles of 
41.6% occurs [22]. Nanopores on Ni particles 
formed due to their shrinkage as well as the 
pores between the particles prevent the rise of 
residual tensile stresses (Fig. 4(b)). 
Nickel phase transformation followed by 
volume change and formation of pores causes 
the loss of a significant percentage of particle 
bonds and violate material integrity which is 
displayed in the predominantly intergranular 
fracture micromechanism (Fig. 3d). Reduction 
in strength to 48% of the value for the as-
received YSZ–NiO ceramics is recognized (Fig. 
4(c)). Thanks to complete reduction of nickel 
phase, the high electrical conductivity (Fig. 
4(d)) of the material is achieved compared to 
the similar functional materials [23]. According 
to our data [4], there exists a substantial 
difference in the mechanical behaviour of NiO 
ceramics after redox treatment as compared to 
that of the singly reduced material, at the 
treatment temperature of 600 °C. During the 
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treatment, structural transformation of 
boundaries of contacting nickel phase particles 
occurs, causing an increase in strength. The 
cleavage fracture micromechanism was noted in 
the specimens tested. This micromechanism 
corresponds to the higher cohesive strength of 
nickel phase particles as compared to the 
ultimate cleavage stress of the particles 
themselves. Such treatment technique has been 
used in this work for improvement of strength 
and electrical conductivity of YSZ–NiO 
ceramics. Upon redox cycling, exposition of the 
material at the temperature 600 °C for 4 h in air 
resulted in complete oxidation of preliminarily 
reduced Ni edgings on NiO particles (version 3 
in Table 1, Fig. 3e) as well as of preliminarily 
reduced Ni particles (version 4, Fig. 3g) by 
diffusion mechanism. After five cycles of the 
redox treatment at 600 °C with final reduction 
stage (version 3), most of NiO particles were 
reduced completely, forming a continuous 
network of electrically conducting material in 
the zirconia skeleton (Fig. 3e) which resulted in 
the value of specific electrical conductivity of 
the material of 7·105 S/m (Fig. 4(d)). 
Fragmentation of coarse grains of nickel phase 
resulted in more fine structure of the material 
treated. The substructure parameter (D) of 
reduced particles for version 3 was measured as 
44 nm which is similar to that for version 1 (Fig. 
4(а)). Thus, no distinct change of substructure 
of nickel particles was found. 
The X-ray data displayed a reduction of 
2Θ angle for cyclically treated materials. In 
accordance with Wolf–Bragg’s law 
 2  sin = d n    (2) 
where n is the positive integer and λ is the 
wavelength of incident wave; the spacing 
between the planes in the atomic lattice (d) of 
zirconia phase increases resulting (see Eq. (1)) 
in considerable relaxation of residual stresses 
(σr) in the material of versions 3 and 4 as 
compared to the as-received material (Fig. 4(b)). 
This affects positively the mechanical behaviour 
of the material, especially of version 3 (Fig. 
4(c)). The mixed fracture micromechanism was 
noted in tested specimens of versions 3 (Fig. 3f) 
and 4 (Fig. 3h). The fracture surfaces comprise 
brittle cleavage areas of ceramic matrix 
neighbouring to ductile fracture ones of reduced 
nickel (Fig. 3f). Like for the NiO ceramics 
treated [4], this corresponds to higher cohesive 
strength between the particles of zirconia and 
nickel phase as compared to the singly reduced 
material. 
The Treatment Temperature of 800°C 
In order to reduce the redox treatment 
duration, the behaviour of YSZ–NiO ceramics 
was estimated under redox cycling at 800 °C. 
During single exposition of the material in the 
Ar–5 vol% H2 mixture at this temperature 
(version 5 in Table 1), NiO particles are reduced 
completely within 1 h (Fig. 5а) by diffusion 
mechanism of much higher intensity as 
compared to version 1. Reduced Ni particles are 
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dotted with nanopores. The NiO to Ni 
transformation is carried out rapidly with 
formation of comparatively coarse substructure 
(parameter D of reduced particles was measured 
as 64 nm, see Fig. 4(a)). The X-ray data display 
the increase of the 2Θ angle for the material 
singly reduced at 800 °C. Consequently, the 
spacing between the planes in the atomic lattice 
(d) of the zirconia phase decreases, resulting in 
considerable growth of residual stresses (σr) in 
the material of version 5 as compared to the as-
received material (Fig. 4(b)). The singly 
reduced material has somewhat lower strength 
as compared to as-received ceramics (Fig. 4(c), 
version 5) but substantially higher electrical 
conductivity as compared to the material treated 
at 600 °C (Fig. 4(d), versions 5 and 1, 
respectively). 
 
Figure 5. SEM microstructures (a – BSD image) and 
microfractograph (b – SE image) for the material in 
version 5 (see Table 1). 
 
The mixed fracture micromechanism is 
recognized in the specimens tested (Fig. 5b). It 
is similar to the one after the redox treatment of 
YSZ–NiO ceramics at 600 °C. It also evidences 
that single reduction at 800 °C does not violate 
the integrity of the zirconia skeleton and a 
partial decrease in strength is caused by nickel 
phase transformation. 
 
 
Figure 6. SEM microstructure (a – BSD image) and 
microfractographs (b-d – SE images) for the material in 
version 6 (see Table 1). 
 
Contrary to the positive effect of redox 
treatment of YSZ–NiO ceramics at 600 °C, a 
negative tendency for strength of YSZ–NiO 
ceramics during the treatment at 800 °C is noted 
(Fig. 4(c), version 6). In both cases of the 
treatment of YSZ–NiO ceramics, the resulting 
structures are similar (Fig. 6a as compared to 
Fig. 3e) except for the peculiar (of green colour) 
inner part of specimens after the treatment at 
800 °C (Fig. 6d). 
As stated above, a kinetic mechanism of 
oxidation at this temperature intensifies the 
growth of unreduced volume of the anode 
during redox cycling. Two different areas on the 
fracture surface picture of a specimen treated at 
800 °C are observed. In the reduced layer, 
mixed fracture micromechanism comprising 
transgranular cleavage of zirconia particles and 
intergranular fracture along the boundaries of 
contacting nickel phase particles dominates 
(Fig. 6b). The nickel particles of smaller sizes 
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had possibly agglomerated on zirconia particles. 
Being intact, they are separated by a network of 
the pores formed during the redox treatment. 
Thus, this fracture micromechanism is as energy 
expensive as the one revealed for the material 
after the redox treatment at 600 °C (Fig. 3f). In 
the unreduced inner layer of the anode 
transgranular cleavage, a fracture of coarse 
zirconia and nickel oxide agglomerates 
dominates, and occasionally, the signs of 
intergranular fracture along the boundaries of 
particles of smaller size are observed (Fig. 6c). 
In spite of similar levels of residual stresses in 
the zirconia phase that were estimated for the 
entire reduced volume (Fig. 4(b), version 5) and 
outer reduced layer (version 6), respectively, 
different structural factors affect the integrity of 
these materials. The total strength of the 
material after redox treatment at 800 °C is 
decreased considerably with the array of 
microcracks in the bulk of the specimen (Fig. 
6d) that have formed during the treatment 
normally to its surface. These microcracks are 
nucleated following a stress gradient on the 
boundaries between reduced and unreduced 
layers as a result of thermal expansion (thermal 
expansion coefficients for YSZ, NiO and Ni 
phases are 10.9·10−6, 14.1·10−6 and 16.4·10−6/K, 
respectively [24]). The reduced layer showed 
the value of specific electrical conductivity 
3.4·105 S/m (Fig. 4(d), version 6) which is 
satisfactory for SOFC anodes. However, this 
value is lower than that of the material singly 
reduced at 800 °C (version 5). Besides, the 
unreduced layer having very low electrical 
conductivity becomes a substantial obstacle in 
achieving the required electrochemical 
performance of the fuel cell. Thus, contrary to 
the positive effect of redox treatment at 600 °C 
on strength and electrical conductivity of YSZ–
NiO ceramics, such treatment at 800 °C causes 
the formation of anode structure with reduced 
outer and unreduced inner layers as well as the 
array of microcracks in the bulk of an anode 
initiated normally to its surface, what causes the 
loss of its integrity. The unreduced inner layer 
of the anode has unsatisfactory electrical 
conductivity. 
Oxidation resistance of MAX-phases at 
600 °C in air 
The dependences of weight gain per unit 
surface area on oxidation time at 600 °C for 
Ti3AlC2 based materials tested are presented in 
Fig. 7. It can be seen that the ΔW/S for material 
with porosity of 22 % monotonically increases 
and reaches the value of 24 mg/cm2 after 
exposition of 437 h. The rapid oxidation of this 
material can be explained by intense penetration 
of oxygen into material through the pores. As a 
result, not only outer surface of the specimen 
but also the surfaces of pores in the bulk 
material were oxidized (Fig. 8a, b). 
The oxidation kinetics for Ti3AlC2 based 
material with 1 % porosity at 600 °C remarkable 
increases on the first stage of the test (Fig. 7). 
After 15 h the weight gain per unit surface area 
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increases more slowly and after 1000 h 
exposition is 1.0 mg/cm2. Table 3 presents an 
average quantity of chemical elements in bulk 
material and a film, obtained by EDS method. 
 
 
Figure 7. Oxidation kinetics for the MAX-phase at 
600 °C in air 
 
 
 
Figure 8. Back-scattered electron images of the films 
formed at 600 °C for 1000 h: (a) Ti3AlC2 based material 
with 22 % porosity; (b) oxidized pores of Ti3AlC2 based 
material with 22 % porosity; (c) Ti3AlC2 based material 
with 1 % porosity; (d) Nb doped Ti3AlC2 based material 
with 1 % porosity. 
It can be seen that carbon is missed in 
the film while oxygen is presented in excessive 
amounts. This means that the surfaces of 
Ti3AlC2 and TiC particles are completely 
oxidized to TiO2, Al2O3 and gaseous CO or CO2 
phase which volatilizes from the film. The 
overall equations for the oxidation reactions is, 
4Ti3AlC2 + 23O2 = 12TiO2 + 2Al2O3 + 8CO2 (g), 
TiC + 2O2 = TiO2 + CO2 (g). 
Table 3. EDS analysis results of the Ti3AlC2 based 
materials with 1 % porosity (at. %) 
Materials 
Ti Al C Nb O 
B F B F B F B F B F 
Ti3AlC2 51.3 23.7 14.8 8.1 34.6 0 0 0 0 68.2 
Ti3AlC2 
with Nb 44.1 25.3 14.9 3.3 42.8 0 1.4 0.6 0 70.1 
B – bulk material, F - film 
Wang and Zhou [14] had demonstrated 
that the film formed at 600 °C on the surface of 
Ti3AlC2 material with 5 vol. % TiC consisted of 
amorphous Al2O3, anatase and rutile TiO2. The 
formation of anatase from Ti3AlC2 led to 
increase of stress due to the difference of their 
volume expansion coefficients. Therefore, the 
rapid increase of ΔW/S value for Ti3AlC2 based 
material with 1 % porosity on the first stage of 
the test can be associated with intense film 
formation as well as with low protective ability 
property of the thin film due to microcracks, and 
also with penetration of oxygen through 
micropores into bulk material. After long-term 
exposition, when micropores were covered with 
oxides and the film thickness was increased 
(Fig. 8c), the inward diffusion of oxygen and 
outward diffusion of Ti and Al became slowly. 
As a result the oxidation kinetics was decreased. 
Based on these results it can be assumed that the 
preliminary oxidation to form the protective 
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layer of oxides would improve the oxidation 
resistance of Ti3AlC2 based materials. The pre-
oxidation at 1000–1300 °C for 2 h provides the 
formation of a dense film which consists of 
Al2O3 and rutile TiO2 without anatase TiO2 
[25]. In present study the pre-oxidation of 
Ti3AlC2 based material with 1 % porosity was 
performed at 1200 °C in air for 2 h. The long-
term oxidation resistance was investigated at 
600 °C in air for 1000 h. As can be seen from 
Fig. 7 the pre-oxidized material does not 
demonstrate any discernible increase of weight 
gain per unit surface area during whole the test. 
The value of ΔW/S for this material does not 
exceed 0.11 mg/cm2 after 1000 h exposition. 
The influence of Nb on the oxidation 
resistance of Ti3AlC2 based material with 1 % 
porosity had been investigated. Despite a greater 
content of TiC, the weight gain per unit surface 
area for this material increases more slowly as 
compared to material without Nb (Fig. 7). The 
ΔW/S is 0.34 mg/cm2 after exposition for 
1000 h at 600 °C. This value is approximately 3 
times smaller than that for Ti3AlC2 based 
material without Nb. Barsoum et al. [26] had 
shown that TiC has a deleterious effect on the 
oxidation kinetics of Ti3SiC2 based materials 
which also belong to the isotypic structure 
Mn+1AXn. The contradiction of this conclusion 
with the results obtained in the present work can 
be explained by positive effect of Nb on the 
oxidation resistance of Ti3AlC2 based material. 
The EDS analysis shows that the content of Ti, 
Al and Nb in the film of Ti3AlC2 based material 
with Nb is less than that in the bulk material 
(Table 3). On the other hand, the content of Al 
in the film of this material is significantly less 
than that of material without Nb. Therefore, it is 
reasonable to assume that the film of Ti3AlC2 
based material with Nb consists mainly of TiO2 
and of minor quantity of Al2O3 (Fig. 8d). 
According to [12], the formation of dense Al2O3 
layer is responsible for high oxidation resistance 
of Ti3AlC2 based materials. Thus, the material 
with Nb ought to be less oxidation resistant than 
material without Nb. Jiang et al. [27] had 
concluded that Nb in solid solution with TiO2 
improves the oxidation resistance of Ti–Al–Nb 
alloys by impeding mass transformation in 
TiO2. Evidently in case of Ti3AlC2 based 
materials the positive effect of Nb manifests in 
the same manner. 
Conclusions 
A cyclic treatment technique (redox 
cycling) comprising stages of material 
exposition in reducing and oxidizing high-
temperature gas environments and intermediate 
degassing between these stages has been 
developed to improve the strength and electrical 
conductivity of YSZ–NiO ceramic anode 
substrates for solid oxide fuel cells. Based on 
the experimental data, we suppose that redox 
cycling at 600 °C is the most ideal for this 
material. The parameters of the treatment 
(reduction dwell time not less than 4 h under the 
pressure of the Ar–5 vol% H2 mixture of 0.15 
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MPa; oxidation dwell time 4 h) allow a structure 
to be formed which provides improved physical 
and mechanical properties of the material. In 
such a structure, according to the X-ray 
analysis, a substantial drop of residual stresses 
is achieved as compared to the one-time reduced 
material. 
The oxidation resistance of MAX-phase 
based materials had been studied at 600 °C in 
static air for 1000 h. The results showed that the 
weight gain per unit surface area for sintered 
Ti3AlC2 based material with porosity of 22 % 
increased gradually and after 437 h reached the 
value of 24 mg/cm2. The drastic increase of 
oxidation kinetics of this material was caused by 
intense oxidation not only the outer surface of 
specimen but also the surfaces of pores. The 
weight gain per unit surface area for hot pressed 
Ti3AlC2 based material with 1 % porosity 
intensively increased for the first 15 h of 
oxidation and then the oxidation kinetics slowly 
decreased. The pre-oxidation at 1200 °C for 2 h 
eliminated the initial oxidation of this material 
at 600 °C. It was revealed that the additional 
doping with Nb significantly improves the 
oxidation resistance of Ti3AlC2 based material. 
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